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Acute liver failure (ALF) remains a disease with poor
patient outcome. Improved prognosis is associated
with spontaneous liver regeneration, which supports
the relevance of exploring ‘regenerative’ therapies.
Therefore, the role of the Wnt/�-catenin pathway in
liver regeneration following ALF was investigated.
ALF was induced in mice by acetaminophen over-
dose, which is also a leading cause of liver failure in
patients. �-catenin distribution was also studied in
liver sections from acetaminophen-induced ALF pa-
tients. A nonlethal dose of acetaminophen, which
induces liver regeneration, led to stabilization and
activation of �-catenin for 1 to 12 hours. These data
were also verified by increased expression of the
�-catenin surrogate target glutamine synthetase.
�-Catenin activation occurred secondary to the inac-
tivation of glycogen synthase kinase-3� and an in-
crease in levels of casein kinase 2� , and led to in-
creased cyclin-D1, another known �-catenin target.
These observations were next substantiated in �-cate-
nin conditional-null mice (�-catenin-null), which
show dampened regeneration after acetaminophen
injury following induction of CYP2e1/1a2 expression.
In light of decreased acetaminophen injury in �-cate-
nin-null mice despite CYP induction, equitoxic studies
in control mice were performed. Significant differences
in regeneration persisted following comparable in-
jury in �-catenin-null and control animals. Retro-
spective analysis of liver samples from acetamino-
phen-overdose patients demonstrated a positive
correlation between nuclear �-catenin, proliferation,
and spontaneous liver regeneration. Thus, our studies
demonstrate early activation of �-catenin signaling dur-
ing acetaminophen-induced injury, which contributes to
hepatic regeneration. (Am J Pathol 2009, 175:1056–1065;

DOI: 10.2353/ajpath.2009.080976)

Acute liver failure (ALF) is an ominous liver disease that is
on the rise in the Western world.1,2 The current treatments
for ALF include an infusion of N-acetyl cysteine, a gluta-
thione precursor, or orthotopic liver transplantation (OLT).
While N-acetyl cysteine has been used with success in a
subset of ALF patients secondary to acetaminophen
(APAP) overdose, its effectiveness in non-APAP-associ-
ated ALF cases is being debated.3,4 OLT remains a
mainstay treatment in severe cases and is associated
with high cost, morbidity and mortality; and is limited by
available donor livers. With over 50% of ALF cases being
due to overdose of the commonly used over-the-counter
anti-pyretic and analgesic APAP, efforts are under to way
to investigate significance of regenerative therapies in
ALF patients.5–7 Recently, studies have demonstrated
that patients who have a timely increase in spontaneous
liver regeneration following APAP overdose have im-
proved prognosis.8,9 The role of liver regeneration in
protection against APAP-induced ALF has also been
demonstrated in experimental models.

Liver possesses a remarkable self-regenerative capa-
bility, as has been shown extensively in rodents after
partial hepatectomy or by toxicant-induced injury with
carbon tetrachloride, chloroform and thioacetamide.10–14

Regeneration is mediated by intricate signaling via
growth factors such as hepatocyte growth factor and
epidermal growth factor, and cytokines such as tumor
necrosis factor-�. Recent studies have demonstrated a
critical role of the Wnt/�-catenin pathway in hepatocyte
proliferation during liver development, cancer, and re-
generation.15 Rapid activation of �-catenin in rat liver was
observed within 5 minutes of partial hepatectomy and
knockdown of �-catenin with antisense treatment re-
sulted decreased liver regeneration.16,17 In addition, lack
of �-catenin in mice results in delayed liver regeneration
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due to inadequate G1 to S transition.18,19 These studies
also identified CYP2E1 and CYP1A2 to be dramatically
lower in �-catenin-null livers, thus precluding the use of
these mice to test regeneration after APAP-injury.
CYP2E1 and CYP1A2 are essential to metabolize APAP
to induce injury and regeneration.20

The present study was designed to investigate changes
in the Wnt/�-catenin pathway during liver regeneration in
ALF induced by APAP. We identified �-catenin activation
early during this event, which appears to be important in
stimulating regeneration in this model. In addition, we
showed high correlation between nuclear/cytoplasmic
�-catenin and ongoing regeneration in hepatic biopsies
from ALF patients. Our data suggest �-catenin activation
as one of the mechanisms that may contribute to spon-
taneous regeneration following ALF in preclinical and
clinical scenario.

Materials and Methods

Animals, Treatments, and Tissue Collection

Male CD-1 mice (20 to 25 g, n � 5 per time point) were
injected intraperitoneally with 500 mg/kg APAP dissolved
in warm 0.45% saline (pH 8). Mice were sacrificed at
specific time points-1 hour, 3 hours, 6 hours, 12 hours, 24
hours, and 48 hours and the livers were removed and
divided into three parts. One part was fixed in 10% buff-
ered formalin and used for paraffin embedding and sec-
tioning. Second portion of the liver was frozen in optimal
cutting temperature compound for cryosections and third
portion was snap frozen in liquid N2 for further analysis.
Serum from animals was analyzed for alanine amino-
transferase (ALT) as a marker of injury. All animals
studies were performed in accordance with institu-
tional animal use and care committee at the University
of Pittsburgh, School of Medicine and the National
Institutes of Health guidelines.

APAP-induced hepatic toxicity was also examined in
�-catenin conditional null (�-cateninloxP/loxP, �-fetopro-
tein-albumin Cre�/�, or KO) and �-cateninloxP/loxP, �-fe-
toprotein-albumin Cre�/� or Con) mice that were gener-
ated as described elsewhere.21,22

For equitoxic studies, Con mice (n � 3/dose) were
injected with IP APAP at 200 to 350 mg/kg dose and
serum ALT levels estimated. A dose of 225 mg/kg in-
duced modest liver injury that was reflected by ALT levels
of around 1000 IU/L.

Patient Biopsies

Paraffin sections in the form of liver biopsies or resected
livers from anonymized patients with APAP-induced ALF
were obtained from Health Sciences Tissue Bank or De-
partment of Pathology at the University of Pittsburgh
Medical Center under an Institutional Review Board-ex-
empt protocol. The patient summary and relevant infor-
mation is provided in Table 1.

Protein Extraction, Microsome Preparation, and
Western Blots

Whole cell lysates were prepared from pooled mice livers
(n � 5) and human liver samples using radioimmuno-
precipitation assay buffer (9.1mmol/L dibasic sodium
phosphate, 1.7mmol/L monobasic sodium phosphate,
150mmol/L sodium chloride, 1% Nonidet P-40, 0.5% so-
dium deoxycholate, 0.1% sodium dodecylsulfate [pH ad-
justed to 7.4]) containing fresh protease and phospha-
tase inhibitors (Sigma, St. Louis, MO) as described
previously.19 Mouse liver microsomes were prepared
from homogenized minced tissue in homogenization
buffer (10 mmol/L sodium potassium phosphate, pH 7.4,
1.15% potassium chloride, and 10 mmol/L EDTA) as
described previously.19 Protein concentration was deter-
mined by bicinchoninic acid protein assay. SDS-poly-
acrylamide gel electrophoresis analysis was performed
using 50 �g of protein on 7.5% ready gels using the
mini-PROTEIN 3-electrophoresis module (Biorad, Her-
cules, CA). Following 1 hour transfer at 100V (constant) to
the Immobilon-PVDF membranes (Millipore, Bedford,
MA), blots were incubated with primary and secondary
antibodies with intermittent washes with the washing
buffer. The primary antibodies used were against CYP2E1
(1:1000; Abcam, Cambridge, MA); active-�-catenin that
recognizes hypophosphorylated �-catenin at serine-37
and threonine-41(1:100; Upstate Biotechnology); �-cate-
nin, CYP1A2, glycogen synthase kinase-3� (GSK-3�),
phospho-Ser9-GSK3�, c-met, E-cadherin, casein kinase
2� (CK2�) (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA); and anti-actin (1:1000; Millipore, Bedford, MA).
Horseradish peroxidase-conjugated secondary antibod-
ies (Chemicon, Temecula, CA) were used at 1:20,000.

Table 1. Clinical Features of APAP-Induced ALF Patients

Number Age Sex*
�-Catenin

score†
PCNA
score‡

OLT
status

1 50–59 M 1 0 Yes
2 50–59 F 0 0 Yes
3 40–49 F 0 1 Yes
4 30–39 M 0 0 Yes
5 20–29 F 1 1 Yes
6 40–49 F 1 1 Yes
7 20–29 F 0 0 Yes
8 30–39 M 8.6 4 No
9 40–49 F 4.7 1 Yes

10 40–49 F 6.4 1 Yes
11 50–59 F 20.6 4 No
12 30–39 F 1 0 No
13 30–39 F 16 4 No
14 20–29 M 3.5 2 No
15 40–49 F 12.5 4 No
16 20–29 F 1 1 No
17 50–59 F 7.2 3 Yes
18 20–29 F 11.8 4 No
19 20–29 M 7.6 3 Yes
20 40–49 F 1 2 Yes
21 20–29 F 1 2 Yes

*M, male; F, female.
†Number of cells with nuclear �-catenin staining in a high power

field.
‡Arbitrary score: 1, �2%; 2, 2% to 10%; 3, 10% to 20%; 4, �20%

PCNA-positive hepatocytes.
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Blots were subjected to fresh Super-Signal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL) and
visualized by autoradiography. The autoradiographs
were scanned and changes in protein expression as-
sessed by changes in integrated optical density (IOD)
that was obtained using Image J software.

Immunoprecipitation

Five hundred micrograms of whole cell lysate was pre-
cleared by normal goat IgG and 20 �g A/G-agarose for
30 minutes at 4°C (Santa Cruz). The supernatant ob-
tained after centrifugation (1000 � g) at 4°C was incu-
bated with 20 �l of agarose-conjugated, goat-anti-�-
catenin antibody (Santa Cruz) for 1 hour or overnight at
4°C. Pellets collected by centrifugation (1000 � g) were
washed four times with radioimmunoprecipitation assay
buffer at 4°C and resuspended in standard electrophore-
sis loading buffer. After boiling for 5 minutes, 30 �l of the
samples were resolved on ready gels, transferred, and
subjected to Western blot analysis as described above.

Real-Time PCR Analysis

Frozen livers (n � 5) were used to isolate mRNA using
Qiagen RNeasy kit (Qiagen, San Diego, CA) according to
the manufacturers protocol. Following DNase treatment
mRNA was converted to cDNA using M-MuLV Reverse
transcriptase enzyme (Invitrogen, Carlsbad, CA) in a re-
verse transcription (RT)-mastermix containing random
primers, 5� RT buffer, dNTP mix, RiboLock, and M-MuLV
Reverse transcriptase enzyme. �-Catenin message was
estimated using the mouse TaqMan Gene Expression
Assay (Assay ID-Mm00483033_m1, Applied Biosystems,
Foster City, CA) in ABI PRISM 7000 machine according to
manufacturers protocol. �-Actin was used as internal
control. Changes in �-catenin mRNA were normalized to
�-actin mRNA and data expressed as fold change com-
pared with 0 hour.

Histology and Immunohistochemistry

Paraffin sections from mouse livers and patient biopsies
were stained for H&E and observed under light micro-
scope for assessment of necrosis. Paraffin liver sections
were subjected to immunohistochemistry for �-Catenin
(BD Biosciences, San Jose, CA), cyclin-D1, glutamine
synthetase, and proliferating cell nuclear antigen (PCNA,
Santa Cruz Biotechnology, Santa Cruz, CA) to determine
expression and localization using the indirect immuno-
peroxidase technique. Briefly, 4-�m thick paraffin sec-
tions were passed through xylene, and graded alcohol,
and rinsed in PBS. Endogenous peroxide was inactivated
using 3% hydrogen peroxide (Sigma, St. Louis, MO).
Slides were microwaved in citrate buffer for 20 minutes
and blocked in blue blocker (Shandon Lipshaw, Pitts-
burgh, PA) followed by overnight incubation with anti-�-
catenin antibody at 4°C (Santa Cruz). Sections were
washed and incubated in secondary anti-mouse, horse-
radish peroxidase-conjugated antibody (Chemicon, Te-

mecula, CA) for 1 hour at room temperature, then in ABC
reagent (Vector Laboratories, Burlingame, CA) for 30
minutes and signal detected using AEC chromogen.
Sections were counterstained with Harris hematoxylin
(Sigma, St. Louis, MO) and passed through dehydration
process followed by coverslipping and mounting in DPX
(Fluka Labs, St. Louis, MO). For negative control, sec-
tions were incubated with secondary antibodies only.

All slides were viewed under an Axioskop 40 (Zeiss)
upright research microscope and digital images were
obtained by Nikon Coolpix camera. Collages were pre-
pared using the Adobe Photoshop 5.0 software.

Scoring for �-Catenin and PCNA
Immunohistochemistry and Statistical Analysis

The results of liver injury in mice were expressed as �
SEM. Significant differences between the groups were
evaluated by Student’s t-test. Slides (blinded for trans-
plantation status) stained for �-catenin and PCNA were
observed under a light microscope at high power (�40)
and number of hepatocytes with nuclear �-catenin and
PCNA staining were counted in five different fields to
calculate averages (areas with frank necrosis were ex-
cluded). Higher magnification (�63) photomicrographs
were obtained for better depiction of nuclear �-catenin.
For correlation analysis, the averages for �-catenin and
PCNA-positive cells for each sample were assessed for
correlation coefficient (r).

Results

Liver Regeneration after Sublethal Dose of
APAP

To study regeneration after toxicant induced acute liver
injury, male CD-1 mice were injected with a nonlethal
dose of APAP (500 mg/kg, IP) as described in Materials
and Methods. Serum ALT and histopathology indicated
increased liver injury at 3 hours after APAP treatment,
which sustained through 6 hours and 12 hours, and abol-
ished at 24 hours (Figure 1A). The histological findings in
the liver were reminiscent of centrilobular necrosis at 3 to
12 hours (shown at 6 hours and 12 hours), with restora-
tion of normal liver architecture observed after 24 hours
(shown 48 hours) (Figure 1B). As shown previously, this
recovery from liver injury was due to spontaneous liver
regeneration estimated by PCNA analysis whereby cells
in S-phase were evident at 6 hours, peaked at 12 hours,
and declined at 24 hours after APAP treatment (Figure 1,
C and D).12 Although extensive liver injury was observed
following APAP administration, no mortality was noted at
this dose.

�-Catenin Activation during APAP-Induced ALF

We estimated the levels of �-catenin protein (total and
activated) in the livers of APAP-treated mice at various
time points. Western blot analysis identified a dramatic
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increase in total �-catenin protein between 1 to 6 hours
after APAP administration, followed by another increase
at 24 hours (Figure 2A). The increases in total �-catenin
at the corresponding time points were around 1.5-fold
over the control liver when assessed by absolute IOD
(Figure 2B). A concomitant increase in active-�-catenin
that represents hypophosphorylated �-catenin at serine-37
and threonine-41 was evident at 1 to 6 hours only (Figure
2A). IOD assessment by Image J analysis revealed
around twofold increase in active-�-catenin at 1 to 6
hours (Figure 2C). Thus, there is an early increase in total

and active �-catenin stabilization during APAP-induced
regeneration.

�-Catenin Activation Is Related to Liver
Regeneration and Not Liver Injury

The relatively early increase in total and active �-cate-
nin stabilization following APAP administration led us to
investigate whether �-catenin activation itself played a
role in mediating liver injury, as opposed to being a
component of the immediate early response, to per-
haps detect injury and promote liver regeneration. To
answer this question, we performed a dose response
study, where CD-1 mice were injected with nonlethal
(500 mg/kg) or lethal (700 mg/kg) doses of APAP. Liver
cell lysates obtained 1 hour or 3 hours after adminis-
tration of lethal dose of APAP revealed a lack of any
increase in active-�-catenin (Figure 2D). This is in con-
trast to the increase in active-�-catenin in the sub lethal
group (Figure 2D).

Sublethal Doses of APAP Induce Expression of
�-Catenin-Responsive Genes

To further elucidate the effect of �-catenin activation in
APAP-induced liver regeneration, we examined sections
from livers at various times after administration of sub-
lethal doses of APAP for distribution of �-catenin and
its known targets-glutamine synthetase (GS) and cyclin-
D119,23 (Figure 3). In a normal liver, �-catenin was ob-
served at the hepatocyte membrane. At this time point,
GS was localized to the cells around the central vein and
most hepatocytes were negative for cyclin-D1. At 1 hour
after APAP, we began to observe accentuation of �-cate-
nin staining in centrizonal areas (arrowhead) that indi-

Figure 1. Increase in liver injury and subse-
quent regeneration following APAP. A: Changes
in serum ALT following APAP administration
(500 mg/kg) to male CD-1 mice. Significant dif-
ferences between groups were observed by Stu-
dent’s t-test (P � 0.01). B: Representative H&E-
stained liver sections showing massive necrosis
(areas between arrowheads) induced by APAP
at 6 and 12 hours. Normal histology is regained
by 48 hours following (�200). C: Representative
PCNA immunohistochemistry on liver sections
at 0, 6, 12, and 48 hours following APAP admin-
istration showing increased cell proliferation at
6 to 12 hours, indicated by cells in S-phase
(arrows). D: Bar graph identifies percentage of
cells in S-phase by PCNA immunohistochemis-
try over 0–48 hours after APAP administration.
One thousand cells were counted at 400X mag-
nification to calculate percentage.

Figure 2. An increase in total and active �-catenin during APAP-induced
injury and regeneration. A: Western blot (WB) for total- and active-�-catenin
in liver cell lysates following sublethal dose (500 mg/kg) of APAP. B: Analysis
of absolute IOD by densitometry shows a 1.5 fold increase in total �-catenin
at 1 to 6 hours and at 24 hours after APAP-injury. C: Analysis of absolute IOD
shows around twofold increase in active �-catenin at 1 to 6 hours after
APAP-injury. D: WB for active-�-catenin at 1 and 3 hours following 500 or
700 mg/kg dose of APAP. Con indicates control mice liver lysate without any
treatment.
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cated stabilization of the protein in hepatocytes. No
change in GS staining was evident at this time. At 3
hours, when several hepatocytes in the centrizonal un-
derwent oncotic cell death (arrow), a subset hepatocytes
in the same zone displayed a dramatic increase in nu-
clear and cytoplasmic localization (arrowhead) of �-cate-
nin. There were also several cells in the centrizonal area,
which at this time exhibited GS staining, but mostly in a
normal pattern despite ongoing cell death. No cyclin-D1-
positive cells were noted at 1 hour or 3 hours after APAP
treatment. At 6 hours, �-catenin was predominantly cyto-
plasmic in many cell layers around the central veins
(arrowhead) encompassing centrizonal and some mid-
zonal areas of the hepatic lobule. At this time there was
an associated widening of GS staining as evident by
multiple layers of GS-positive cells around the central
vein. Cyclin-D1-positive hepatocytes were observed for

the first time at 6 hours and these cells are located in
centrizonal area of the liver lobule. At 12 hours, pericen-
tral accentuation of �-catenin expression was still appar-
ent, although was less intense than the preceding time
points, while a continued increase in GS and further
increase in cyclin-D1-positive hepatocytes was evident at
this stage. At 24 hours and 48 hours, predominant areas
within the hepatic lobule showed normal cellular and
zonal distribution of �-catenin, GS, and cyclin-D1 that is
comparable with the pre-injury state.

Mechanism of �-Catenin Stabilization and
Activation after APAP Injury

Since �-catenin stabilization and activation was apparent
between 1 and 12 hours, we next investigated the mo-
lecular basis responsible for these changes. We exam-
ined the expression of �-catenin gene (CTNNB1) by real
time PCR. Analysis of pooled livers overall showed only
minor differences in �-catenin mRNA expression with
highest expression being evident at 1 hour after APAP
treatment (Figure 4A).

In the canonical Wnt/�-catenin pathway, GSK-3� is
the main regulator of �-catenin, which phosphorylates
�-catenin at specific serine and threonine residues for
eventual proteasomal degradation.24 We examined the
levels of total and Ser9-phospho-GSK-3� (inactive form)
by Western blot analysis in the liver cell lysates after
APAP administration. While the total GSK3� levels ap-
peared not to fluctuate dramatically, levels of Ser9-phos-
pho-GSK-3� showed some cyclical changes in its protein
levels (Figure 4B). Absolute IOD assessment showed
around 30% increase in total GSK3� levels at 3, 6, and 24
hours only (Figure 4C). However, the levels of inactive
GSK3� were increased around fourfold at 1, 12, and 24
hours above the levels at baseline (Figure 4D). This indi-
cated significant temporal inactivity of GSK3�, which
might be contributing toward overall �-catenin stabiliza-
tion and activation.

CK2� is known to positively stimulate �-catenin signal-
ing.25,26 CK2� levels also showed noteworthy changes
especially at 3 to 12 hours after APAP-injury (Figure 4B).
IOD obtained after densitometric analysis revealed at
least twofold increase in total CK2� protein over baseline
at these time points, suggesting yet another complemen-
tary mechanism of �-catenin activation (Figure 4E).

Finally, �-catenin is known to complex with E-cadherin
at the hepatocyte membrane.27 Next, we performed co-
precipitation studies to investigate changes in these
complexes following APAP-induced acute liver injury and
regeneration. E-cadherin-�-catenin association remained
relatively unaffected over the course of the entire injury
and regeneration after APAP administration as shown by
co-precipitation studies (Figure 4F). In addition, densi-
tometry verified any changes in the stoichiometry of as-
sociation between the two protein during APAP-induced
liver regeneration.

Figure 3. Immunohistochemical changes in �-Catenin, glutamine synthetase
(GS), and cyclin-D1 in murine liver at various time points after sublethal
doses of APAP. Increased centrizonal �-catenin is observed as early as 1
hour, with clear cytoplasmic and limited nuclear localization at 3, 6, and 12
hours. Increase GS levels are observed at 3, 6, and 12 hours, whereas
increased cyclin-D1 is chiefly observed at 6 to 12 hours. All three proteins
were predominantly observed in normal configuration at 24 and 48 hours.
Positively staining cells are highlighted with arrowheads and oncotic cell
death is indicated by arrows.
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Response of �-Catenin Conditional Null Mice to
APAP Administration Following CYP2E1
Induction

To further confirm the relevance of �-catenin activation in
liver regeneration after APAP-injury, we decided to exam-
ine the �-catenin conditional null mice (�-cateninloxp/loxp;
�FP-Alb-Cre�/�, or KO) and wild-type (�-cateninloxp/loxp;
�FP-Alb- Cre�/� or Con) littermates that are available in
C57BL/6 background in our laboratory.21,22 The C57BL/6
strain of mice displays prominent injury and proliferation
in response to sublethal doses of acetaminophen at 24
hours as opposed to CD-1 mice at 6 to 12 hours.28 While
the KO model would have been ideal to study role of
�-catenin in APAP-induced hepatic regeneration, a major
limitation was that the KO livers lack CYP2E1 and
CYP1A2 (Figure 5A and B), the two main P450 enzymes
involved in metabolism of APAP to its reactive metabolite
N-acetyl benzoquinoneimine, which is ultimately respon-

sible for liver injury.19,29 In fact KO mice have been
shown to be resistant to APAP-injury due to absence of
N-acetyl benzoquinoneimine formation.29 We attempted
the use of KO and Con mice to compare and contrast
APAP-injury and regeneration following administration of
CYP1A2 inducer-3-methylcholanthrene and a CYP2E1 in-
ducer-pyrazole, which greatly induced CYP1A2 and only
modestly induced CYP2E1 (Figure 5B). When these mice
were exposed to APAP, following CYP induction, they do
demonstrate hepatic injury, both biochemically and his-
tologically, albeit, at lower propensity than the controls
(Figure 5, C and D). When the livers were examined for
PCNA immunohistochemistry at 24 hours, �3% of the KO
hepatocytes were observed to be PCNA-positive in KO
despite P450 induction, as compared with around 20% in
Con and none in KO in absence of P450 induction (Figure
5, C and E). This observation of disproportionately lower
hepatocyte proliferation following liver injury, which was
only modest as compared with the controls, does support
an overall positive role of �-catenin in regulating regen-
eration following APAP-administration.

Equitoxic Study in KO and Controls Reveal
Significantly Lower Proliferation in KO Following
APAP Injury

For meaningful comparison of the role of �-catenin in cell
proliferation after APAP injury, we performed an equitoxic
study in Con an KO mice. Based on the serum ALT levels
of around 1000 IU/L achievable in KO mice after CYP-
inductions and at 24 hours after APAP administration, a
dose of 225 mg/kg in C57Bl/6 control mice was identified
to be equitoxic as also stated in the methods (Figure 5F).
Histology of livers from these animals revealed a modest
centrizonal injury (Figure 5G). Around 6% to 7% of hepa-
tocytes in the centrizonal area displayed PCNA-positive
nuclei in these livers (Figure 5G). A direct comparison
identified a significant difference (P � 0.01) in the num-
bers of PCNA-positive hepatocytes in KO and Con mice
at 24 hours after APAP administration despite similar
hepatic injury reflected by comparable serum ALT levels
in both groups of mice (Figure 5G). Thus, absence of
�-catenin leads to impaired hepatocyte proliferation and
dampened regeneration after APAP injury.

�-Catenin Activation Correlates with Higher
Spontaneous Liver Regeneration in Patients
with APAP-Induced ALF

To investigate whether �-catenin activation could also be
regulating regeneration in ALF patients, a retrospective
analysis using sections from resected livers or biopsies
was performed (Table 1). The investigation was aimed at
identifying any correlation between �-catenin activation
and ongoing cell proliferation (PCNA analysis) as a
marker of spontaneous regeneration that eventually pre-
vented OLT. The patient livers, which displayed sponta-
neous regeneration as indicated by high numbers of
PCNA-positive hepatocytes alleviating the need for OLT,

Figure 4. Multifactorial basis of �-catenin activation after APAP-induced ALF
and subsequent liver regeneration. A: Real-time PCR for �-catenin gene
expression (fold-change) following APAP treatment from 0 to 6 hours. B: WB
for total GSK3� and inactive GSK3� (phosho-Ser9) (upper panel) and CK2�
(lower panel) in liver lysates following APAP treatment over 0 to 48 hours. C:
Densitometry shows a minor increase in total GSK3� protein levels at 3, 6,
and 24 hours after APAP treatment. D: Densitometry reveals around fivefold
increase in inactive-GSK3� at 1, 12, and 24 hours after APAP treatment. E:
Densitometry reveals around twofold increase in total CK2� levels at 3 to 12
hours after APAP treatment. F: Coprecipitation studies show relatively un-
changed �-catenin-E-cadherin association in whole liver lysates after APAP
treatment over 0 to 48 hours (upper panel). Densitometry revealed only
minor changes in stoichiometry of �-catenin-E-cadherin association during
APAP-induced regeneration.
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also exhibited higher number of hepatocytes with nuclear
�-catenin (shown at lower and higher magnification) and
vice versa as seen in representative photomicrographs
(Figure 6A). When the numbers of hepatocytes with nu-
clear �-catenin (activation) were plotted against their in-
dividual PCNA scores, high correlation was observed
between �-catenin activation and liver regeneration
(R2 � 0.7526, Figure 6B). These observations also sup-
port a positive role of �-catenin in impelling regeneration
following toxicant-induced liver failure.

Discussion

Acute liver failure has multiple and diverse bases, rang-
ing from acute to chronic insults to the liver. Acetamino-
phen overdose remains among the most common causes
of ALF. Liver regeneration following surgery and toxic
insult is unique to the organ and is responsible for replac-

ing the lost mass for normal function.13 A number of
studies have demonstrated that patients who exhibit
timely stimulation of the timely compensatory liver regen-
eration following APAP overdose have a good progno-
sis.8,9,30 Such timely regeneration has been linked to
survival following exposure to hepatotoxic drugs and
chemicals such as APAP, CCl4, and chloroform.10,12,14,30

Here, we also demonstrate the importance of spontane-
ous regeneration in survival following APAP-induced ALF
and identify the role of Wnt/�-catenin signaling in this
process as well.15

Our observations indicate that �-catenin activation is
an early event and is vital for regeneration after APAP-
induced ALF. Interestingly, activation of �-catenin was
observed even before biochemical or histological hall-
marks of liver injury were evident. This observation, along
with known regulation of various P450’s by �-catenin,
leads to the question if �-catenin is involved in the initia-

Figure 5. �-Catenin-conditional-null mice (�-
cateninloxP/loxP;Cre�/�) exhibit disproportion-
ately lower liver regeneration following APAP-
induced hepatic injury after CYP2E1 and
CYP1A2 induction. A: WB for �-catenin in liver
lysates from �-catenin-null and Con (�-catenin-
loxP/loxP; Cre�/�) mice. B: WB for CYP1A2 and
CYP2E1 before and after 3-methylcholanthrene
and pyrazole treatment in �-catenin-null mice.
C: H&E staining (top) shows massive injury
after APAP administration in controls (left) and
only modest injury in KO despite CYP induction
(right). While several PCNA�ve hepatocytes are
observed in Con (bottom left), only occasional
hepatocyte is detected in S-phase in KO after pyra-
zole, 3-MC, and APAP at 24 hours. Arrows indi-
cate necrotic cells in top and arrowheads indi-
cate PCNA-positive cells in bottom panel. D:
Changes in serum ALT in Con�APAP, KO�APAP
and KO�pyrazole � 3-MC�APAP mice at 24
hours post-APAP, identifies no injury in
KO�APAP and significantly higher injury in KO-
�pyrazole � 3-MC�APAP and highest injury in
Con�APAP. E: Numbers of hepatocytes were
counted in S-phase in the three groups at 24
hours. The bar graph indicates around nine-
fold lower number of hepatocytes in S-phase in
KO�pyrazole � 3-MC�APAP group, as com-
pared with Con�APAP group. F: APAP at a dose
of 225 mg/kg induced hepatic injury at 24 hours in
control mice that was comparable with KO at the
same time. G: Histological evidence of injury in
control mice (arrows) is observed in H&E (upper
left panel), along with the presence of increased
PCNA�ve hepatocytes (arrowheads) in the cen-
trilobular area shown by PCNA immunohisto-
chemistry (upper right panel). Around 6% to 7%
of hepatocytes per high power field were PCNA-
positive in control mice at 24 hours after the eq-
uitoxic dose, which were significantly greater than
those observed in the KO mice at the same time
after CYP-induction and APAP administration
(P � 0.01) (lower panel).
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tion of liver injury after APAP overdose.29 However,
�-catenin activation was suppressed following lethal
doses of APAP that are coincidently also known to inhibit
regeneration.12,14 Thus it appears that early activation of
�-catenin especially in a subset of hepatocytes in peri-
central area might be stimulating proliferation of these
cells and eventually be the basis of observed regenera-
tion. While the lack of �-catenin activation following lethal
doses of APAP suggests no role of �-catenin in inducing
injury through regulation of xenobiotic enzymes, it cannot
be thoroughly ruled out due to the ongoing tissue dam-
age, disarray, and necrosis, making it technically chal-
lenging to qualitatively and quantitatively assay proteins
levels.

We and others have demonstrated that �-catenin ac-
tivation is crucial for liver regeneration and plays a key
role in regulating expression of various cyclins (A, D, and
E), which are critical for G1 to S phase transition of cell
cycle.18,19 The data presented in the current study reveal
for the first time that �-catenin plays an equally important
role in liver regeneration following drug-induced liver in-
jury. Within 1 hour of APAP-injury, pericentral stabilization
of �-catenin was evident. Interestingly, at 3 hours, a
subset of hepatocytes with enhanced nuclear and cyc-
toplasmic �-catenin persisted the ‘assault’ and these
cells might eventually have been the basis of restoration
of the hepatic lobules. This is supported by a dramatic
increase in the centrizonal expression of �-catenin-re-
sponsive genes encoding cyclin-D1 and GS, which is
evident at 6 to 12 hours. It should be noted that �-catenin
stabilization is known to precede the expression of its
target proteins, as also shown in our previous studies in
liver regeneration.16 This study also reported a lag in
normalization of the expression of �-catenin-target genes

after �-catenin activation is no longer apparent. Specifi-
cally, cyclin-D1 increases after hepatectomy are noted at
24 to 72 hours after partial hepatectomy, whereas �-cate-
nin nuclear translocation occurs within 5 minutes and is
significantly diminished at 48 hours.17,31,32 Thus, our
studies in CD-1 mice provide evidence for the first time
that �-catenin activation may be playing a positive role in
hepatic regeneration after APAP-injury by mediating pro-
liferation through regulation of cyclin-D1 levels.

The stabilization and activation of �-catenin is primarily
known to be a post-transcriptional event.33 �-Catenin
stabilization and activation following APAP injury also
appears to be post-translational and has a multifactorial
basis. The most relevant observation is a noteworthy
but transient inactivation of GSK3�. Phosphorylation of
GSK3� at serine-9 has been shown to induce inactivity of
GSK3�, which in turn leads to �-catenin stabilization.34,35

How is GSK-3� inactivated following APAP injury is un-
clear at the present time. One hypothesis is that oxidative
stress resulting in 4-hydroxynonenal production, which
has been previously demonstrated in APAP-induced liver
injury, has also been shown to induce inactivation of
GSK-3� in human neuroblastoma cells and in cardiomy-
ocytes.36–39 The inactivation of GSK3� also appears to
be complemented by an increase in total CK2�. The role
of CK2� as a positive regulator of Wnt/�-catenin signaling
is well accepted.25,26 Thus these factors and perhaps
others lead to a regulated and temporal increase in
�-catenin and in the expression of its targets, which in
turn positively stimulate cell proliferation and eventually
restore the liver after APAP injury. It should be empha-
sized that at any given time there is a balance between
positive and negative regulators of Wnt/�-catenin signal-
ing that determine the “on” or “off” status of the signaling

Figure 6. �-Catenin and PCNA in representative pa-
tients of APAP-induced ALF. A: Several hepatocytes
showed nuclear �-catenin (arrowhead) shown at �40
(left panel) and �63 (middle panel) in the liver
biopsies from ALF patients that exhibited spontaneous
regeneration (Patients 13 and 15). A concomitant pres-
ence of PCNA�ve hepatocytes (arrows) was also ob-
served (right panels, �40). Only occasional hepato-
cytes show any nuclear �-catenin with most cells
exhibiting membranous �-catenin only (�40 and �63).
Occasional PCNA�ve cell was observed in the same
livers (�40) (Patients 5 and 6). B: A high correlation
was observed between the nuclear �-catenin and cell
proliferation (R2 � 0.7526) when the numbers of pos-
itive hepatocytes for nuclear �-catenin were plotted
against the respective PCNA scores in ALF livers.
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pathway. In addition, many of the genetic targets of this
pathway are known negative regulators of the Wnt/�-
catenin signaling as well.40 All of the above factors allow
for strict regulation of the pathway and in turn of the
biological activity related to the pathway, which in the
current case is cell proliferation. The fluctuations in levels
of GSK3� and its phosphorylated state and in CK2�,
which matches with the presence of active-�-catenin at
certain, but not all time points iterates the many levels of
regulation within the highly dynamic �-catenin signaling
pathway. While we are aware of the possible roles of
many other components of this pathway that were not
investigated in the study, which might be impacting the
state of signaling in the current scenario, we are certain of
the observed activation of �-catenin at early stages of
APAP-induced hepatic regeneration.

To conclusively address the role of �-catenin in mice
liver regeneration following APAP-induced ALF, we used
the �-catenin-null mice, generated by our laboratory.19

However, others and we have previously demonstrated
that �-catenin-null mice lack expression of CYP2E1/
1A2.19,29 Thus, �-catenin-null mice are resistant to APAP-
induced hepatotoxicity due to lack of reactive metabolite
formation.29 To overcome this issue, we successfully in-
duced CYP2E1/1A2 using specific agents, albeit partially,
which enabled injury in the �-catenin-conditional null
mice. However these animals failed to exhibit cell prolif-
eration, supporting a positive role of �-catenin in this
process following APAP-induced ALF, as shown in other
scenarios of hepatic regeneration.16–19 However, one
has to take in to account the fact that liver injury is known
to drive regeneration and hence the lower proliferation
index in absence of �-catenin might in fact be due to
lower hepatic injury despite modest induction of the rel-
evant CYPs. To circumvent this issue we performed an
equitoxic study, where dose of APAP was titrated in con-
trol mice to produce hepatic injury comparable with the
KO following induction of the two CYPs. When compared,
a significantly lower proliferation index persisted in KO
despite comparable liver injury estimated by serum bio-
chemistry. Thus, these studies highlight a positive role of
�-catenin activation in regeneration after APAP-injury in
preclinical setup.

Finally, to test whether Wnt/�-catenin �-catenin activa-
tion may be one of the factors responsible for spontane-
ous regeneration in patients of ALF secondary to APAP
overdose, we investigated expression and activation of
�-catenin in patients in two sets of patients. The first
group included patients of APAP-induced ALF that did
not require OLT due to evidence of spontaneous regen-
eration after conservative management and the second
set of patients required OLT due to lack of spontaneous
regeneration and declining status. Our data indicates
that �-catenin activation (nuclear and cytoplasmic local-
ization) correlates with increased spontaneous regener-
ation observed by PCNA immunohistochemistry, in pa-
tients with APAP-induced ALF (R2 � 0.76). While, we are
aware of the heterogeneity in the patient population, tim-
ing of hepatic biopsies and multifactorial basis of man-
agement of APAP-induce ALF cases, based on our pre-
clinical studies and in light of the positive correlation in

patients, it is likely that the stimulation of �-catenin may
be one of the mechanisms of spontaneous regeneration
following APAP-injury. Furthermore, the correlation be-
tween liver regeneration and �-catenin nuclear localiza-
tion in patient biopsies indicates that �-catenin immuno-
histochemistry may be used as a biomarker for liver
regeneration in ALF patients. While the current analysis
has been done on relatively low number of cases (n �
21), future studies with greater sample size including
non-APAP-induced ALF cases, will be necessary to val-
idate thesis observation. This is of particular interest
since there is currently no sensitive marker for liver re-
generation except �-fetoprotein.9

Thus, our observations highlight the role of liver regen-
eration in survival following ALF. Also we show the role of
�-catenin activation for successful stimulation of liver re-
generation. The rapid activation of �-catenin following
APAP overdose may qualify �-catenin as a potential bi-
omarker for liver regeneration following APAP-induced
ALF. Examination of �-catenin activation, as a potential
predictor of spontaneous liver regeneration, may be use-
ful in excluding OLT candidates following ALF. Similarly,
as new secreted proteins are being identified as targets
of �-catenin pathway, these might have prognostic impli-
cations as indicators of spontaneous regeneration, thus
avoiding high costs and complications of OLT. Finally,
stimulating liver regeneration by mediators of �-catenin
activation such as Wnt proteins or hepatocyte growth
factor may have a therapeutic potential in ALF.
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